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Abstract

Recent studies have demonstrated that neural stem cell (NSC) culture at physiologically normoxic 

conditions (2-5% O2) is advantageous in terms of neuronal differentiation and survival. Neuronal 

differentiation is accompanied by a remarkable shift to mitochondrial oxidative metabolism 

compared to preferentially glycolytic metabolism of proliferating cells. However, metabolic 

changes induced by growth in a normoxic (5%) O2 culture environment in NSC have been 

minimally explored. In this study we demonstrate that culturing under 5% O2 resulted in higher 

levels of mitochondrial oxidative metabolism, decreased glycolysis, and reduced levels of reactive 

oxygen species (ROS) in NSC cultures. Inflammation is one of the major environmental factors 

limiting post-injury NSC neuronal differentiation and survival. Our results show that NSC 

differentiated under 5% O2 conditions possess better resistance to in vitro inflammatory injury 

compared to ones exposed to 20% O2. The present work demonstrates that lower, more 

physiologically normal O2 levels support metabolic changes induced during NSC neuronal 

differentiation and provide increased resistance to inflammatory injury, thus highlighting O2 

tension as an important determinant of cell fate and survival in various stem cell therapies.
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Introduction

NSCs are multipotent precursor cells residing in specialized areas of fetal and adult CNS. 

They possess life-long self-renewal potential and the ability to differentiate into neurons, 

astrocytes, and oligodendrocytes. When propagated in vitro, they form free-floating 

neurospheres and demonstrate the same features of self-renewal and differentiation. These 

cells are the focus of intense study for their potential use in brain injury and 

neurodegenerative diseases. Though endogenous NSCs contribute to spontaneous recovery 

after brain damage, their contribution to recovery is limited by several factors, particularly 

by low survival rates (Popa-Wagner et al. 2011; Romanko et al. 2004). Thus an important 

goal is to improve survival of NSCs to increase the potential for neuroregeneration by both 

endogenous and transplanted exogenous NSCs. The ability of NSCs to differentiate into 

neurons, and the survival of the newly produced neurons are determined by a complex 

interplay between extracellular environment and intrinsic machinery (De Filippis and Delia 

2011; Panchision et al. 1998; Pereira et al. 2013; Vescovi et al. 1999).

Mitochondrial function has been shown to be an important determinant of the differentiation 

fate of NSCs (Candelario et al. 2013; Pereira et al. 2013; Steib et al. 2014; Wang et al. 2011; 

Zhang et al. 2012). It has also been shown that neurons at the early stages of differentiation 

are particularly vulnerable to mitochondrial inhibition (Voloboueva et al. 2010). In our 

earlier study we demonstrated that young doublecortin positive (Dcx+) neurons 

demonstrated higher vulnerability towards mitochondrial inhibition than glia or even mature 

neurons. In line with this, the protection of mitochondrial function with a variety of 

mitochondria-protective compounds attenuated inflammation-associated loss of Dcx+ cells 

both in vivo and in vitro (Voloboueva et al. 2010). NSC differentiation involves a strong 

increase in mitochondrial oxidative metabolism (Wang et al. 2010; Zhang et al. 2012). 

While the increased mitochondrial metabolism is essential for cellular energetics, it can also 
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result in excessive ROS production eventually leading to damage of mitochondrial DNA and 

compromised mitochondrial function.

In the settings of neurodegenerative disease and brain injury, inflammation is appreciated to 

be one of the major factors determining cellular survival and overall damage (Gao and Hong 

2008; Perry and Holmes 2014; Streit et al. 2004). Importantly, inflammation strongly 

modulates NSC differentiation fate and survival of newly generated neurons (Mathieu et al. 

2010; Monje et al. 2003; Voloboueva et al. 2010; Wong et al. 2004). One of the major 

targets of inflammation injury is cellular mitochondria. Several interrelated mechanisms 

contribute to mitochondrial inflammatory injury. A major proinflammatory cytokine TNF-α 

has been reported to suppress mitochondrial complexes I and IV (Samavati et al. 2008; 

Stadler et al. 1992; Zell et al. 1997). Inflammation markedly upregulates production of nitric 

oxide (NO), a potent inhibitor of mitochondrial complex IV (Brown and Borutaite 2001). 

Levels of reactive oxygen species (ROS) are markedly increased during inflammation, both 

through direct production and through IL-6 dependent mechanisms (Behrens et al. 2008; 

Inoue et al. 2003; Liu and Hong 2003). Increased ROS levels lead to impairment of 

mitochondrial function through oxidation of mitochondrial lipids, sulfhydryl groups, and 

iron-sulfur complexes within the mitochondrial respiratory enzymes (Halliwell 2006; 

Wagner et al. 1990).

It is well established in both experimental and clinical settings that oxygen tension is one of 

the major factors influencing NSC differentiation (De Filippis and Delia 2011; Santilli et al. 

2010). The physiological oxygen concentration in tissues is markedly lower than the 20% 

found in the atmosphere. For example, in human brain oxygen tension ranges from 8% close 

to the surface down to less than 1% in the midbrain (Erecinska and Silver 2001). It has been 

shown that physiological levels of oxygen (2.5-5% O2) typical for neural tissues suppresses 

astrogliosis and promotes differentiation into the neuronal lineage in vitro (De Filippis and 

Delia 2011; Storch et al. 2001; Studer et al. 2000). Despite the demonstrated connection 

between O2 tension and NSC differentiation fate, changes promoted in NSC metabolism 

during differentiation under physiological O2 tensions have not been well characterized. The 

purpose of this study was to characterize metabolic changes induced in NSCs by 

physiologically relevant 5% oxygen tension. We also investigated whether NSC cultures 

differentiated under 5% O2 tension would demonstrate better survival during mitochondrial 

inhibition and in vitro inflammatory injury, both conditions relevant for young neuron 

survival during post-injury neurogenesis.

Materials and Methods

Cell culture—Neural precursor cells were isolated from newborn mice. The brains were 

removed, freed of meninges, and diced with a sterile razor blade in dissociation buffer 

[DMEM containing 2.5 U/ml papain, 250 U/ml DNase I (Worthington, Lakewood, NJ), and 

1 U/ml Dispase II (Roche Diagnostics, Indianapolis, IN)]. After a 1 hr incubation, the cells 

were washed twice with DMEM and once with DMEM supplemented with 10% fetal bovine 

serum (FBS) (HyClone, Logan, UT). The cells were resuspended in growth medium, 

Neurobasal A (Gibco, Grand Island, NY), with 2 mM L-glutamine, 100 U/ml penicillin, and 

100 ug/ml streptomycin (Gibco), B-27 without vitamin A (Gibco), 20 ng/ml fibroblast 
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growth factor-2 (Peprotech, Rocky Hill, NJ), and 20 ng/ml epidermal growth factor 

(Peprotech), and plated at a density of 1 brain per six-well plate. Neural precursor cells 

proliferated and started to form neurospheres in 2-3 days. Neural precursor cells were 

induced to differentiate by plating dissociated neurospheres in laminin-coated 24-well plates 

and 35mm dishes (the plates were coated with 10 ug/well laminin (Gibco) in dH2O for 2–3 

hr, and rinsed twice with dH2O). The floating neurospheres were collected after passage 

through a 70 μm cell strainer (BD Biosciences, Bedford, MA) by centrifugation at 400 g for 

5 min, 4°C. The cell pellet was gently triturated with a 200 μl pipette tip 15-20 times, 

resuspended in a small volume of differentiation medium, Neurobasal A, B27 (Gibco), 1% 

FBS, 1 ng/ml fibroblast growth factor-2 (Peprotech), 10 ng/ml brain-derived neurotrophic 

factor (Peprotech), and 10 ng/ml neurotrophic factor-3 (Peprotech). The cells were plated 

onto laminin-coated 24-well plates or 35 mm dishes at a density of 200,000 cells/mL. One-

half of the differentiation medium was changed every 2 days. Cells were grown in either 

20% O2 or 5% O2 incubators. Cells were allowed to differentiate for different times depend 

on the experiment. For the microglial conditioned media (CM) experiments (see below), the 

cells were allowed to differentiate for 8 days before the 24 hr CM exposure.

Tri-Gas Incubators—Cells were incubated at two levels of incubator oxygen. Five 

percent incubator oxygen tensions were maintained in a Sanyo MCO-175M O2/CO2 

incubator (Sanyo Scientific, Bensenville, IL). Gas phase O2 tensions were controlled by 

regulated injection of medical grade N2 to reach the target oxygen level. Cells cultured at 

atmospheric oxygen levels (20% O2) were incubated in a standard incubator without 

additional supply of nitrogen. CO2 levels were maintained at 5% in all cases.

BV-2 cells and CM—BV-2 murine microglia were plated on uncoated plastic tissue 

culture plates and grown in DMEM supplemented with 10% FBS, and 100 U/ml penicillin 

and 100 ug/ml streptomycin. BV-2 cells were placed in with fresh differentiation medium 

with added lipopolysaccharide (LPS) (1 μg/ml; Sigma, St Louis, Missouri) for 6-8 hr to 

prepare CM from activated microglia. The medium was collected, sterile filtered, and 

applied to neural progenitor cells as described above.

Mitochondrial inhibition—Cells were allowed to differentiate for 6 days and treated with 

2 μM Antimycin A or 300 pg/mL TNF-α (410-MT, R&D Systems, Minneapolis, MN) for 

24 hr in either the 20% or 5% O2 incubator.

Lactate measurements

The lactate measurements were performed as previously described (Voloboueva et al. 2013) 

with some modifications. Briefly, the cells were rinsed once with serum-free DMEM media, 

then incubated with 300 μL DMEM/well under 5% or 20% O2 for 2.5 hours. Afterwards, the 

media were collected, and lactate levels were measured using the Lactate Assay Kit 

(Biovision Research, Mountain View, CA). Cell lysate protein concentrations were 

measured with the BCA protein assay reagent kit (Pierce, Rockford, IL).
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CellROX green measurements

Cells were incubated with the ROS sensitive dye CellROX green (5 μM final concentration) 

(Life Technologies C10444) to compare ROS levels in NSC cells cultured under different 

O2 tensions. After 30 min incubation with CellROX green under the relevant oxygen tension 

the cells were briefly rinsed and fixed with 4% paraformaldehyde (PFA) for 30 minutes 

according to the manufacturer's instructions. The CellROX green fluorescence was 

visualized with an epifluorescence microscope (Zeiss Axiovert LSM510; Carl Zeiss, 

Göttingen, Germany), and images were obtained on a Macintosh computer using Openlab 

software from Improvision Inc. (Lexington, MA, USA).

TUNEL assay for apoptosis—Cells were allowed to differentiate for 6 days and treated 

with 2 μM Antimycin A or 300 pg TNF-α for 5 h in 20% or 5% O2. After fixation, cells 

were washed three times with PBS, then incubated on ice with ice-cold 70% (V/V) ethanol 

for 30 min. Staining for apoptotic cells was performed using the in situ TUNEL assay kit 

(Abcam, Cambrige, MA, # ab66108) according to the manufacturer's instructions.

In vitro immunocytochemistry—Fluorescence immunocytochemistry was performed 

on cell cultures in 24-well plates and 35 mm dishes with glass bottoms. The cultures were 

washed with PBS and then fixed in 4% PFA for 30 min at room temperature. The cells were 

then washed twice with PBS and nonspecific binding was blocked with 5% normal horse 

serum, 0.1% Triton X100 in PBS for 1 hr. The cells were subsequently incubated with 

primary antibodies diluted in blocking buffer overnight at 4°C. For the detailed description 

of primary antibodies see the section Antibody Characterization below. Cells were 

subsequently incubated with the appropriate secondary Alexa Fluor 488- or 594-conjugated 

secondary antibodies (1:500; Gibco). Cell nuclei were counterstained with 4′-6′-

diamidino-2-phenylindole (DAPI) (0.5 ug/ml; Sigma). The image areas were randomly 

selected, avoiding areas within one microscopic field of view from the edge, approximately 

400 μm, and areas with either very low cell densities or very clustered nuclei. The 

immunofluorescence was visualized with an epifluorescence microscope (Zeiss Axiovert 

LSM510; Carl Zeiss, Göttingen, Germany), and images were obtained on a Macintosh 

computer using Openlab software (Improvision Inc., Lexington, MA, USA, RRID: 

rid_000096).

Antibody Characterization

To label immature neurons we used a Dcx cell specific polyclonal goat antibody (1:500; 

Santa Cruz Biotechnology, Cat# sc-8066, RRID: AB_2088494). In our previous studies this 

antibody demonstrated the appropriate pattern of staining and morphology of neuroblasts in 

the neurogenic region of dentate gyrus in vivo, of immature neurons in NSC cultures in vitro 

(Voloboueva et al. 2010).

A polyclonal rabbit antibody against glial fibrillary acid protein (GFAP), an intermediate 

filament protein, was used to stain astrocytes (1:3; Immunostar, Cat# 22522, RRID: 

AB_572240). This antibody demonstrated appropriate pattern of astrocyte staining in the 

CA1 region of dentate gyrus and co-localization with other astrocytic markers in primary 

astrocytic cultures (Ouyang et al. 2007).
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A polyclonal rat antibody against NG2 was used for immature oligodendrocytes (1:400; 

Millipore Bioscience Research Reagents, Cat# AB5320, RRID: AB_91789). The 

morphology of NG2 staining corresponded to the regular oligodendrocyte morphology in 

differentiated stem cell cultures reported previously (Stacpoole et al. 2013a).

A polyclonal rabbit antibody against microtubule associated protein 2 (MAP2) was used as a 

marker for mature neurons (1:400; Millipore Bioscience Research Reagents, Cat# AB5622, 

RRID: AB_91939). The morphology of MAP2 staining corresponded to the regular 

neuronal morphology in differentiated neural cell cultures reported previously (Smith et al. 

2009; Voloboueva et al. 2010).

Live imaging—To monitor changes in mitochondrial membrane potential, cells were 

incubated with the mitochondrial membrane potential sensitive dye tetramethylrhodamine 

ethyl ester (TMRE) (50 nM).

Imaging Chamber—Cells were imaged on the stage of an inverted microscope in a 

chamber equipped for atmospheric control. Briefly, cells were plated on poly-d-lysine 

coated glass-bottomed 35 mm microwell dishes (#P35GC-1.0-14-C, MatTek Corporation, 

Ashland, MA) and placed in an atmospherically sealed imaging chamber (Uno-Plus 

Microscope Stage Incubator Model H301-EC-BL, Okolab, Ottaviano, Italy). Cells were 

maintained at either 20% or 5% ambient PO2 by constant flow (2 L/min) of heated and 

humidified pre-mixed gases containing either 20% O2/5% CO2/bal N2 or 5% O2/5% 

CO2/bal N2, and verified by an optical O2 sensing system (NeoFox-GT phase fluorimeter, 

Ocean Optics, Jasper GA). Ambient gas and chamber temperature were measured and 

maintained at 37°C with an Okolab H301-T-UNIT-BL-PLUS thermal controller with 

heating elements in the body and lid of the imaging chamber, and in the gas humidifier.

Statistics

All statistical analyses were performed in the GraphPad Prism 6.0 (GraphPad Software, 

LaJolla, CA, RRID: nif-0000-30467). Statistical differences between two groups of data 

were determined using unpaired two-tailed Student's t-test. If three or more groups of data 

were analyzed, oneway ANOVA followed by Bonferroni's multiple comparison test was 

performed. P≤0.05 was considered statistically significant. Data in all plots are pooled from 

three independent experiments, with the number of independent samples or cells/experiment 

indicated in the figure legends. Results are presented as mean±SD.

Results

Effects of 5% O2 tension on NSC differentiation and metabolism

In the first set of experiments we evaluated the effect of 5% O2 tension on cell-specific 

differentiation of NSCs. Because it has been reported that lower oxygen tension promotes 

neuronal differentiation (De Filippis and Delia 2011), we used two neuronal markers, 

doublecortin (Dcx) to label young neuroblasts, and MAP2, for more mature neuronal cells, 

and GFAP staining as a marker of differentiated astrocytes. Fig. 1A demonstrates that NSCs 

cultured for 8 days under 5% O2 demonstrate significantly increased percentages of both 
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Dcx+ and MAP2+ cells. On the other hand, there was no significant change in the percentage 

of glial GFAP+ cells. Of note, while we did not observe significant changes in numbers, the 

astrocytes cultured under 5% O2 demonstrated more fibrous morphology with elongated 

processes that better correspond to in vivo astrocyte morphology. We also observed a 

significant 31% increase in the number of oligodendrocyte precursor NG2+ cells in cultures 

under 5% O2 conditions, in accordance with previous observations (Stacpoole et al. 2013b). 

To identify oligodendrocytes at later stages of differentiation we performed staining with the 

oligodendrocyte marker O4. We observed almost complete overlap of NG2 and O4 staining 

(less than 2% difference) in our NSC cultures at the end of 8 days differentiation (data not 

shown). Fig. 1B shows the quantification of the fraction of different cell types for 5% and 

20% O2 conditions. Cells that were not MAP+, Dcx+, GFAP+, or NG2+ remained 

undifferentiated. Fig. 1C shows that 5% O2 tension also promoted a significant 34% 

increase in the total cell number.

Metabolic changes induced by growth in 5% O2

We next investigated metabolic changes induced by 5% O2. Since different cell types have 

very different metabolic signatures, we performed metabolic studies at early stages of 

differentiation, 2-3 days after plating in the differentiation media when the effects of 

differential cellular composition are minimized. Fig. 2 shows the representative images and 

quantification of mitochondrial staining with MitoTracker Green, a mitochondrial marker 

not sensitive to mitochondrial potential, and TMRE, a mitochondrial membrane potential 

sensitive marker. While 5% O2 conditions did not promote significant changes in the 

mitotracker intensity that corresponds to the total mitochondrial mass, the decreased O2 

resulted in significantly higher intensity of TMRE staining. These results are indicative of 

higher mitochondrial energetics of the NSC cultured under 5% O2 conditions (Nicholls and 

Ward 2000). We next compared lactate production as a measure of glycolytic activity 

(Winkler et al. 2003). Fig. 3A indicates that NSC cultured under 5% O2 had significantly 

lower rates of lactate production compared to cells cultured under 20% O2. The observed 

shift from glycolytic to mitochondrial metabolism of the NSC exposed to 5% could 

potentially promote higher levels of ROS production, a toxic byproduct of mitochondrial 

activity. We used a ROS sensitive dye Cytox green to compare ROS levels in NSC cells 

cultured under different O2 tensions. Fig 3B demonstrates that 5% O2 conditions actually 

resulted in decreased levels of ROS production, despite the higher mitochondrial activity.

Effect of in vitro inflammation injury on NSC under 5% and 20% O2

We investigated the effect of microglial conditioned media (CM) which contains pro-

inflammatory mediators to model in vitro the effect of inflammation on the survival of 

neuroblasts identified as Dcx+ cells under 5% and 20% O2. Dcx+ cells are particularly 

vulnerable to inflammation injury, compared to glia and even mature neurons (Voloboueva 

et al. 2010). Also levels of Dcx expression can be used as a reliable and specific marker of 

neurogenesis (Couillard-Despres et al. 2008). Fig. 4 A, B indicates that CM treatment 

promoted significant 40% loss of Dcx staining in 20% cultured NSC, and this loss was 

attenuated to 31% in 5% O2 cultured NSC. CM treatment did not induce significant changes 

in the number of total cells under either 5% or 20% O2 (Fig. 4C), though there were non-

significant trends corresponding to the Dcx+ changes. We next exposed NSC to 
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physiological concentrations of purified TNF-α, a major proinflammatory cytokine 

(Feuerstein et al. 1994). Fig 5A, B demonstrate that similar to CM, TNF-α treatment 

promoted loss of Dcx+ cells in 20% O2 cultures, and this loss was attenuated in 5% O2 

treated cultures. TNF-α treatment did not induce significant changes in the number of total 

cells under either 5% or 20% O2 (Fig 5C).

Effect of mitochondrial inhibition on apoptotic rates and mitochondrial potential under 5% 
and 20% O2

Because it has been demonstrated that mitochondrial function is a major target of 

inflammatory injury, we next investigated the effect of the mitochondrial inhibitor antimycin 

A on Dcx+ cell survival, apoptotic rates and mitochondrial function. Fig. 6 A-C demonstrate 

that antimycin A treatment strongly reduced the number of Dcx+ cells in NSC cultured in 

20% O2, and this loss was significantly smaller in 5% O2 cultured NSCs. Since low oxygen 

conditions also promoted significant increase in the number of NG2+ oligodendrocyte 

precursor cells, we also studied the effect of mitochondrial inhibition on the viability of 

NG2+ cells. Antimycin A treatment promoted a 46% loss (p<0.001) in NG2+ cells cultured 

in 20% O2, compared to a 21% loss (p<0.05) in NG2+ cells cultured in 5% O2. Fig. 6 D, E 

demonstrate that apoptotic rates after antimycin A exposure were significantly higher under 

20% compared to 5% O2 conditions. Fig. 6F demonstrates the time course of loss of 

mitochondrial TMRE staining of NSC treated by TNF-α and antimycin A in cells grown at 

20% O2, while the cells grown at 5% O2 do not show significant reductions over this 

timecourse. These results indicate the importance of mitochondrial function in the survival 

of young neurons, and emphasize the significant improvement in mitochondrial function 

induced by 5% O2 treatment.

The potential therapeutic use of NSCs involves their transplantation into damaged areas of 

the central nervous system which would generally have physiological O2 levels. We 

investigated whether culturing under 5% O2 compared to culturing at 20% O2 results in 

better survival of Dcx+ cells when mitochondrial impairment was performed at 

physiological 5% O2, to model the condition of transplantation into brain. NSC were 

cultured and differentiatiated at 20% or 5% O2, and then placed into 5% O2 during the 24 

hour antimycin A exposure. Fig.6G shows that cells cultured and differentiated under 5% O2 

experienced only 20% loss of Dcx cells compared to 29% Dcx loss in cultures grown under 

20% O2, while no significant changes in total cell numbers were observed (Fig. 6H).

Discussion

Traditional in vitro cell culture systems have used O2 tensions that are quite different from 

the in vivo situations, and this is particularly true for CNS cells (Silver and Erecinska 1998). 

NSC transplantation therapies for various neurodegenerative diseases have been proposed 

by different studies (Brundin et al. 2010; Cova et al. 2004; Smith and Gavins 2012), 

however approaches are limited by a number of factors, including both the availability of the 

transplant material and cell survival following transplantation. Several studies showed that 

cell culture at physiological O2 tensions that correspond to measured levels in brain (1%-5% 

O2) promotes NSC proliferation, survival, and neuronal differentiation (Chen et al. 2007; 
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Morrison et al. 2000; Stacpoole et al. 2011; Studer et al. 2000). However, the metabolic, 

particularly mitochondrial mechanisms of the physiological O2-associated changes in NSCs 

have been minimally explored. Mitochondria are emerging as key regulators of NSC 

differentiation and survival (Lonergan et al. 2007; Nesti et al. 2007; Parker et al. 2009; 

Pereira et al. 2013). That stem cell differentiation involves a glycolytic to oxidative 

metabolic transition is now appreciated. This transition involves an increment in 

mitochondrial mass, with a concomitant increase of mitochondrial function, as well as a 

decrease in lactate production (Cho et al. 2006; Chung et al. 2010; Siggins et al. 2008; St 

John et al. 2005). Furthermore, mitochondrial impairment associated with mtDNA mutations 

or mitochondrial inhibitors preclude neuronal differentiation (Kirby et al. 2009; Pereira et al. 

2013; Vayssiere et al. 1992; Wang et al. 2011).

In our experiments we observed that physiological 5% O2 conditions resulted in 

significantly higher rates of neuronal differentiation compared to a hyperoxic 20% O2 

environment, in accordance with previous studies. We did not observe significant changes in 

mitochondrial mass, but mitochondrial bioenergetics was significantly higher in NSCs 

cultured under 5% O2 conditions and rates of lactate production were significantly lower in 

NSCs cultured in physiological O2. It has been demonstrated that neuronal differentiation is 

accompanied by increased ROS levels (Le Belle et al. 2011; Wang et al. 2011; Xavier et al. 

2014). It has also been shown that suppression of the differentiation-induced ROS levels is 

beneficial for NSC differentiation, particularly due to protection of mitochondria which are 

readily damaged by ROS (Xavier et al. 2014). In our studies NSCs cultured under 5% O2 

demonstrated remarkably lower ROS levels compared to 20% O2 suggesting that 5% O2 

conditions result in lower differentiation-induced ROS mitochondrial damage, despite 

increased oxidative metabolism.

A variety of environmental factors determine NSC survival, differentiation and integration 

into the host nervous system. Among those factors inflammation is considered as one of the 

crucial factors determining the fate of both endogenous and transplanted NSCs (Borsini et 

al. 2015; Mathieu et al. 2010; Monje et al. 2003; Wong et al. 2004). In our experiments we 

used two in vitro models of inflammation, the microglial CM model (Monje et al. 2003; 

Voloboueva et al. 2010), and a more defined TNF-α exposure model. Both CM and TNF-α 

exposures promoted significant loss of young Dcx+ neurons, but the loss was significantly 

attenuated in NSC cultured under 5% O2. TNF-α exposure also promoted significant loss of 

mitochondrial potential in NSCs cultured in 20% O2 but not in 5% O2. Direct exposure to 

the mitochondrial inhibitor antimycin A resulted in significantly smaller decrease in 

mitochondrial potential, and correspondingly lower rates of apoptosis and neuronal loss in 

NSCs cultured in 5% O2 compared to 20% O2. Impairment of mitochondrial function 

induces conversion of cell mitochondria to apoptosis promoting organelles (Xavier et al. 

2014). Our results suggest that improved mitochondrial function associated with 

physiological 5% O2 is responsible for the lower rates of apoptosis and neuronal death in 

NSC cultures. Since 5% O2 more realistically represents the in vivo NSC environment, our 

findings of changed NSC injury response under this physiological oxygen tension compared 

to 20% oxygen is also important for in vitro disease modelling studies.
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In summary, our physiological O2 culture condition NSC differentiation experiments 

demonstrate that 5% O2 resulted in higher levels of mitochondrial oxidative metabolism, 

decreased glycolytic rates, accompanied by reduced ROS levels in differentiating NSC 

cultures. Importantly, these metabolic shifts corresponded to the greater robustness of NSC 

differentiated under physiological O2 conditions to in vitro inflammatory injury and direct 

mitochondrial impairment. Our findings support the notion that oxygen tension is an 

important factor that should be considered during NSC differentiation, affecting cell fate, 

metabolic regulation, and NSC robustness against inflammatory insult. Regulation of the 

environmental O2 levels is a key variable that should be considered when optimizing NSC 

and other cell types for cell-based therapies.
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Significance Statement

Neural stem cells (NSC) can differentiate into neurons, and are of great interest for 

potential use in neurodegenerative diseases, including stroke. Therapeutic use is limited 

by low neuroblast survival rates in the pathologic pro-inflammatory post-stroke 

environment. Oxygen tension is one of the major environmental factors determining NSC 

fate and survival. In this study we characterized metabolic changes induced in NSCs by 

culturing in physiologically relevant 5% oxygen. We demonstrate that NSCs cultured 

with 5% O2 demonstrate higher oxidative metabolism, less glycolysis, and better survival 

when subjected to inflammatory injury. Thus culture conditions can improve potential 

use of NSCs in stroke.
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Figure 1. 
5% O2 increases neuronal differentiation. (A) NSC cultures differentiated under 5% O2 

demonstrated higher levels of neuronal differentiation as indicated by neuronal markers Dcx 

(young neurons) and MAP2 (mature neurons), without significant changes in GFAP glial 

staining (nuclei are labeled with DAPI (blue), Dcx+, MAP2+, GFAP+ and NG2+ cells are 

green). Quantification of and the percentage of neuronal Dcx+ and MAP2+ and glial cells 

(B) the total cell density (per 300×400 μm field of view) (C). The data show three 

independent experiments, with at least 500 total analyzed cells in each experiment 

(**p=0.062 for Dcx+, *p=0.014 for MAP2+, *p=0.04 for NG2+, ***p<0.001 for total cell 

number compared to the corresponding cell type or total cell number at 20% O2, calculated 

by unpaired t-test).
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Figure 2. 
Mitochondrial changes induced by low oxygen. 5% O2 conditions did not promote 

significant changes in mitotracker staining (green), but induced significant increase in 

mitochondrial potential sensitive dye TMRE (Fig. 2A) indicating higher mitochondrial 

energetics. Quantification of mitotracker intensity (B), TMRE intensity (C) and TMRE/

mitotracker ratio (D). The data show three independent experiments, with at least 10 fields 

of view in each experiment (**p<0.0014, ***p=0.0006 compared to 20% O2, calculated by 

unpaired t-test).

Sun et al. Page 16

J Neurosci Res. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Changes in glycolysis and oxidative stress induced by 5% O2. Culturing under low oxygen 

promoted decrease in glycolytic rates as evidenced by decreased rates of lactate production 

(A), and decrease in ROS levels as indicated by Cytox staining. Representative images of 

Cytox staining (B). Quantification of Cytox staining (C) The data show three independent 

experiments, with 2-3 independent samples per experiment (***p<0.001 compared to 20% 

O2, calculated by unpaired t-test).
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Figure 4. 
The effect of 5% O2 on Dcx+ cell survival during CM in vitro inflammatory injury. 

Representative changes of normal control (NC) and CM treated cultures. Nuclei are labeled 

with DAPI (blue), Dcx+, cells are green (A). Quantification of Dcx+ cells (B) and total cell 

numbers (C). The data show three independent experiments with at least 500 total analyzed 

cells in each experiment (*p<0.05 ANOVA compared to 20% O2, #p<0.05 ANOVA 

compared to the corresponding control condition).
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Figure 5. 
The effect of 5% O2 on Dcx+ cell survival during TNF-α inflammatory injury. 

Representative changes of normal control (NC) and TNF-α treated cultures. Nuclei are 

labeled with DAPI (blue), Dcx+, cells are red (A). Quantification of Dcx+ cells (B) and total 

cell numbers (C). The data show three independent experiments with at least 500 total 

analyzed cells in each experiment (*p<0.05 ANOVA compared to 20% O2, #p<0.05 

ANOVA compared to the corresponding control condition).
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Figure 6. 
5% O2 increases Dcx+ survival, suppresses apoptotic rates and protects mitochondrial 

function during antimycin A treatment. Representative images Dcx+ staining in normal 

control (NC) and Antimycin A (AA) treated cultures (nuclei are labeled with blue DAPI, 

Dcx+ cells are green) (A). Quantification of Dcx+ cells (B) and total cell numbers (C). 

Representative images of TUNEL staining in control and Antimycin A (AA) treated cultures 

(TUNEL+ cells are green) (D). Quantification of apoptotic staining (E). Time course of 

mitochondrial TMRE intensity in control, TNF-α and antimycin A (AA) treated cultures (F). 

Quantification of survival of Dcx+ cells (G) and total cell numbers (H) of NSC cultures 

grown at 20% O2 or 5% O2, and shifted to 5% O2 for the antimycin A treatment. The data 

show three independent experiments with at least 500 total analyzed cells in each 

experiment (*p<0.05 ANOVA compared to 20% O2, #p<0.05 ANOVA compared to the 

corresponding control condition).
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